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1) Abbreviations 
 
ABC transporter ATP binding cassette transporter 
ABI7300 qPCR instrument from ABI 
ABI7500 qPCR instrument from ABI 
Adda 3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid 
aer Aeruginosin 
Ahp amino-hydroxy piperidone 
apn Anabaenopeptin 
BMAA β-methylamino-L-alanine 
Choi 2-carboxy-6-hydroxyoctahydroindole 
Ct-value threshold cycle in qPCR 
DNeasy Kit DNeasy®, QIAGEN 
FAM fluorescent dye at the 5´ end of the TaqMan probe 
GeneAmp5700 qPCR instrument from ABI 
i.p. intraperitoneal injection 
LD50 Dose that kills 50% of treated animals 
LPS lipopolysaccharides 
mcy Microcystin 
microcystin-LR Leucine and arginine in the positions X and Z of the 
microcystin molecule 
microcystin-RR Arginine and arginine in the positions X and Z of the 
microcystin molecule 
NRPS non-ribosomal peptide synthetase 
PCR polymerase chain reaction 
PEPCY EU project: “Toxic and other bioactive PEPtides in CYanobacteria” 
PC phycocyanin 
PKS polyketide synthase 
qPCR quantitative real-time PCR 
RFLP Restriction Fragment Length Polymorphism 
TaqMan probes Oligonucleotides that generate fluorescence due to the 5´exonuclease 
activity of the Taq polymerase 
TAMRA quenching dye at the 3´ end of the TaqMan probe 
TNF-alpha tumour necrosis factor 
ROX fluorescence signal 
WHO World Health Organisation 
rpoC1 Gene encoding RNA polymerase subunit C 
16SrRNA Small subunit of the ribosomal ribonucleic acid in bacteria 
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2) Introduction 
 
Cyanobacteria (blue green algae) occur in a wide range of habitats because of numerous 
ecophysiological adaptations. During stable weather conditions with high photon irradiance 
and temperature, some cyanobacteria species form undesirable algal blooms or scums in 
freshwater and brackish water. Particularly eutrophication due to urban, agricultural and 
industrial development has caused massive cyanobacterial proliferation on a global scale. 
 
Cyanobacterial mass accumulations can cover wide surface water areas up to the kilometer 
scale. Water quality deteriorates with decreasing dissolved oxygen concentrations as 
degradation of dead algal biomass increases or subsurface light is reduced. Such waters 
become turbid and odorous and can additionally be dangerous since cyanobacteria produce 
various toxic or bioactive compounds, including oligopeptides and alkaloids, non-
proteinogenic amino acids such as β-methylamino-L-alanine (BMAA) and 
lipopolysaccharides (LPS). These components can have toxic effects on aquatic biota or even 
mammals and humans depending on their concentration. Such natural toxins are universally 
found in surface waters and occur with varying frequency and concentration.  
 
 
Fig. 1: Cyanobacterial bloom in Lake Mondsee formed by Planktothrix rubescens, 2005 
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An essential requirement for the management of cyanobacterial hazards is a sound 
understanding of toxigenic cyanobacteria occurrence in general as well their responses to 
different environmental conditions. Cyanobacterial blooms typically occur in late summer, 
biomass decreases in autumn and the cyanobacteria overwinter in the water column and in the 
sediments. During thermal stratification in summer when non-buoyant plankton is sinking, 
buoyant cyanobacteria can float to the near surface due to their ability to form gas vesicles 
(e.g. Microcystis). Since those cyanobacteria can regulate their vertical position in the water 
column, layers with highest cell numbers can be formed under physically stratified conditions 
(i.e. by Planktothrix). These organisms flourish at lowest light intensities demonstrating their 
ability to be very efficient light harvesters. When light intensity is low, as in eutrophic waters, 
cyanobacteria can outcompete eukaryotic algae (such as green algae) due to lower metabolic 
requirements (Mur et al. 1999). Further cyanobacteria are known to have efficient uptake 
mechanisms and a storage capability of macronutrients (nitrogen, phosphorus) favoring their 
growth under nutrient limited conditions. Other attributes of cyanobacteria that are of 
selective advantage include the resistance to grazing by herbivores and the production of an 
impressive diversity of toxins and bioactive compounds. 
 
Planktonic cyanobacteria may further increase in abundance, not at least due to anthropogenic 
effects and global warming. At relatively high temperatures cyanobacteria grow better than 
other algae (Pearl and Huisman, 2009). Higher temperatures, especially in winter, would 
cause an earlier onset of full stratification in spring and therefore a longer season of 
stratification (McCormick 1990, Dokulil et al. 2006). In contrast vertical mixing of the water 
column would become more rare, disfavouring less harmful algae (such as diatoms) but with 
higher sinking rates. Buoyant cyanobacteria can grow in surface blooms, shade underlying 
phytoplankton and even locally increase water temperatures due to their intense absorption of 
light (Pearl and Huisman, 2008). This provides additional competitive dominance of buoyant 
cyanobacteria. In addition hydrological modifications (water withdrawal, reservoir 
construction) and global warming are predicted to result in regional water shortages, which 
reduce the human access to clean water. Further climatic change is responsible for extension 
of geographic distribution of different cyanobacterial species (Pearl and Huisman, 2009). 
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2.1) Biology and ecology of cyanobacteria 
 
Cyanobacteria are one of the oldest organism groups in the world (emergence approx. 3.5 
billions year). They are responsible for a major change of living conditions on earth: the 
increase of atmospheric oxygen caused by the emergence of cyanobacteria 2 billion years ago 
was a milestone in the evolution of life (Peschek 1999). 
 
Cyanobacteria are gram negative bacteria. They are unicellular, occurring as colonial or 
multicellular filaments which are either suspended in the water column or attached to 
surfaces. Reproduction is asexual and results from division of vegetative cells. In the 
bacteriological taxonomy system there are five subsections of cyanobacteria recognized 
(Castenholz 2001). This taxonomy results from the intense morphological, ecophysiological 
and more recent genetic analysis of isolates representing cyanobacteria of all major branches 
(Rippka et al. 1979, Rippka 1988, Wilmotte and Herdmann 2001). 
 
I) Chroococcales: cells occurring unicellular or in aggregates held together by an outer wall or 
gel-like matrix 
II) Pleurocapsales: aggregates of unicellular cells held together by an outer wall or gel-like 
matrix; multiple divisions resulting in daughter cells smaller than the parental cells (so called 
baeocytes) 
III) Oscillatoriales: uniseriate trichomes resulting from binary cellular division in one plane 
IV) Nostocales: uniseriate trichomes resulting from binary cellular division in one plane, in 
addition formation of heterocysts and akinetes 
V) Stigonematales: uniseriate or multiseriate trichomes with true branching resulting from 
binary division in more than one plane, in addition formation of heterocysts and akinetes. 
 
Characteristics of cyanobacteria 
Photosynthesis in cyanobacteria - through photosystem I and II - is identical to the 
photosynthesis in higher plants. It is generally accepted that chloroplasts evolved from 
cyanobacteria. The major photosynthetic pigment chlorophyll a is embedded in thylakoid 
membranes. Accessory pigments, mainly phycocyanin (blue) and phycoerythrin (red-brown), 
are aggregated in the phycobilisomes, attached to the thylakoid surfaces. The phycobilisomes 
allow for the absorption of the green range of the visible light spectrum. The absorbed 
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photons by the phycobilisomes are then transferred to chlorophyll a. The ratio of phycocyanin 
and phycoerythrin defines the cell colour, i.e. a high ratio of phycocyanin results in the 
characteristic blue-green colour. The red pigmentation is the result of a high phycoerythrin 
proportion. 
Besides this very efficient light harvesting system, a number of other characteristic 
adaptations provide selective advantages over eukaryotic phytoplankton. Colony-forming 
cyanobacteria typically contain gas vesicles providing buoyancy to the cells. Gas vesicles are 
actively synthesized under light limited conditions (Deacon and Walsby 1990). In contrast 
during photosynthesis polysaccharides are produced and gas vesicle synthesis is reduced. 
According to Stokes’ law besides cell density, the radius and the shape of the cell influence 
the positive or negative sinking rate (Reynolds 1987). As the radius increases the sinking rate 
to the second power, mucilaginous colonies (e.g. Microcystis) have the fastest sinking/floating 
velocities while single filaments with gelatinous sheath (e.g. of Planktothrix) have slower 
sinking/floating rates (Mur et al. 1999, Walsby 2005). The ability of colony-forming 
cyanobacteria to actively regulate the vertical position in the water column is considered to be 
of selective advantage when compared with non-motile planktonic algae. 
Further efficient nutrient uptake mechanisms and the storage capability of macronutrients 
have been described for cyanobacteria and eukaryotic algae. Sections IV and V are 
characterized by the formation of specialized cells such as heterocysts, which fix atmospheric 
nitrogen (e.g. Anabaena, Aphanizomenon, Cylindrospermopsis). Cyanobacteria which can fix 
atmospheric nitrogen in the absence of specialized heterocysts are known from marine 
ecosystems (e.g. Trichodesmium). In general the reduction of atmospheric nitrogen to 
ammonium is catalyzed by the nitrogenase, an enzyme which is highly sensitive to oxygen. In 
the heterocysts oxygen is kept to a minimum concentration by the destruction of photosystem 
II and a high amount of glycolipids in the membrane which prevents oxygen diffusion from 
outside. Some cyanobacteria species can use phosphorus more efficiently than eukaryotic 
algae (Istvanovics et al. 2000), especially when phosphorus is suddenly excessively available. 
Phosphorus accumulation occurs by polymerization and is stored inside the cell in 
cytoplasmatic inclusions (e.g. polyphosphate bodies). 
Cyanobacteria in general have a low food quality to aquatic crustaceans because of their size 
and shape resulting also in the mechanical disturbance of filter feeders. The mucilage of the 
colonies can further reduce the ingestion ability. In addition the nutritional quality of 
cyanobacteria is considered to be low due to a lack of essential polyunsaturated fatty acids 
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and the production of toxic compounds. For example, the peptides aeruginosin or 
anabaenopeptin inhibit serine proteases of the digestive system of zooplankton. Microcystin is 
a toxic peptide due to the inhibition of eukaryotic protein phosphatase (see cyanobacterial 
toxins, peptides and genotypes). 
 
Bloom formation 
Cyanobacteria of Sections I (e.g. Synechococcus, Merismopedia or Microcystis), III (e.g. 
Planktothrix, Limnothrix, Planktolyngbya) and IV (e.g. Cylindrospermopsis, Anabaena, 
Aphanizomenon or Nodularia) occur frequently in phytoplankton (Castenholz 2001). Blooms 
typically are built up by a single species such as Microcystis, Planktothrix, Anabaena, 
Aphanizomenon or Cylindrospermopsis (see Fig. 2 and Fig. 3).  
 
  
Microcystis sp., 400x Anabaena sp., 200x 
  
Aphanizomenon sp., 20x Cylindrospermopsis sp., 400x 
Fig. 2: Different bloom forming cyanobacteria. 
 
Cyanobacterial dominance can be reduced by a decrease of nutrient input resulting in re-
oligotrophication of the water body in the longterm. Under highly eutrophic conditions 
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buoyant cyanobacteria like Microcystis still can overcome light limitation by accumulation at 
the surface. In addition the vertical migration under stable water conditions is considered 
advantageous not only when competing for light but also for nutrients which can be taken up 
from the sediments (Humphries and Lyne 1988, Ibelings 1992). Consequently, even under 
less eutrophic conditions Microcystis can remain dominant in the phytoplankton. Therefore 
artificial mixing of the water column not only reduces the advantage of Microcystis in light 
harvesting but also the potential of nutrient limitation in the euphotic zone preventing other 
algae from growth (Steinberg and Hartmann 1988, Deppe et al. 1999, Visser et al. 1996). 
 
Planktothrix sp. 
This study focused on the filamentous cyanobacterium Planktothrix spp. which is known to 
produce toxic or bioactive oligopeptides, e. g. microcystins, anabaenopeptins, microviridins, 
aeruginosins and cyanopeptolins. Planktothrix also has been reported to produce the 
neurotoxic alkaloids saxitoxin (Pomati et al. 2000) and anatoxin-a (Viaggiu et al. 2004). 
 
Planktothrix sp. occurs frequently in freshwaters of the temperate climatic region of the 
northern hemisphere. Planktothrix cells remain tightly attached to each other after cell 
division and form filaments without branching. Planktothrix is morphologically defined as 
growing in straight filaments that are never coiled. The cells always contain gas vesicles 
(Komarek 2003). Filaments are embedded in thin mucilaginous sheaths which protect from 
infection by pathogenic organisms (De Phillipis and Vincenzini 1998). They are mobile and 
show positive photo taxis. Trichomes consist of several hundreds of cells which are a few 
micrometers in diameter and can grow up to the millimetre scale in length. An advantage of 
such large filaments is the lower risk of grazing by herbivorous crustaceans (Jarvis et al. 
1987). 
In the temperate climatic region at least two species of Plantkothrix occur resembling 
different ecotypes (Mur et al. 1993), Planktothrix rubescens and P. agardhii. Typically 
populations are either dominated by red pigmented P. rubescens or green pigmented P. 
agardhii. Mixed populations have been reported from the English Lake district in the UK or 
from Norway (Davis et al. 2003, Halstvedt et al. 2007). 
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P. rubescens, 400x P. aghardii, 400x  
Fig. 3: Planktothrix spp. 
 
Trichomes of the red pigmented P. rubescens are 4-9 µm wide (Komárek 2003). P. rubescens 
inhabits deep, physically stratified lakes and reservoirs, e.g. oligo- to mesotrophic lakes of the 
Alps and Scandinavia. It forms plate-like layers during summer stratification in the 
metalimnion at a depth of 8-13 m. It can also occur on the lake surface near shallow leeward 
shores and form pink-reddish water blooms when surface waters become eutrophic. It can be 
found floating during calm periods in response to low irradiance after deep mixing in autumn. 
The German name “Burgunderblutalge” comes from the inhabitants of Murtensee in 
Switzerland who believed that the water blooms were caused by the blood from drowned 
Burgundian soldiers during a war in the fifteenth century (Walsby et al. 2005). 
 
The width of the green pigmented P. aghardii filaments is 3.5-6 µm (Komárek 2003). This 
species typically occurs under turbulent conditions in shallow, physically mixed and eutrophic 
lakes and forms blooms in summer and autumn. Due to its advantage under lowest light 
conditions, it has higher growth rates than eukaryotic algae and can dominate phytoplankton 
in such lakes over time (VanLiere and Mur 1980, Mur et al. 1999). 
 
Planktothrix blooms 
In Austria, Plantkothrix bloom formations have been reported for years (Findenegg 1971, 
Dokulil and Jagsch 1992, Dokulil andTeubner 2000), as well as in other European countries, 
USA and Canada. Lake Mondsee, for example, became eutrophic in the 1970s resulting in 
extensive blooms of Planktothrix rubescens. The reduction of sewage loads reduced the 
phosphorus loading drastically at the beginning of the eighties leading to a reoligotrophication 
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phase coinciding with a decrease of the average chlorophyll a concentration and biomass of 
phytoplankton. During the late 1980s Lake Mondsee became mesotrophic (Dokulil and 
Jagsch 1992) and today is classified as oligo-mesotrophic (Achleitner et al. 2008). Over the 
same time period the biovolume of P. rubescens consistently declined.  
 
2.2) Cyanobacterial toxins, peptides and genotypes 
 
Cyanotoxins are classified according to their symptoms into hepatotoxins (e.g. microcystins, 
nodularin and cylindrospermopsin), neurotoxins (e.g. anatoxins and saxitoxins), and irritant-
dermal toxins (e.g. lipopolysaccharides in the outer membrane of the cell wall of gram 
negative bacteria or skin irritants from Lyngbya majuscula), (Carmichael 2001). Generally, 
the number of peptide structures that have been described is high and still continues to 
increase even after several decades of structural elucidation. Welker and Von Döhren (2006) 
reviewed the cyanopeptides and listed the following seven peptide classes based on their 
chemical structure. More than half of the known cyanopeptides can be assigned to these major 
peptide classes. 
 
 Aeruginosins: linear tetra peptides characterized by the  
2-carboxy-6-hydroxyoctahydroindole (Choi) moiety (Murakami et al. 1995). 
 Microginins: linear tetra- or pentapeptides characterized by different derivatives  
(Okino et al. 1993). 
 Anabaenopeptins: cyclic hexapeptides with an ureido linkage (Harada et al. 1995). 
 Cyanopeptolins: cyclic depsipeptides with an amino-hydroxy piperidone (Ahp) moiety 
(Martin et al. 1993). 
 Microcystins and Nodularins: cyclic heptapeptides with the amino acid Adda,  
glutamate and aspartate derivatives (Botes et al. 1984, 1985, Rinehart et al. 1988).  
 Microviridins: multicyclic depsipeptides (Ishitsuka et al. 1990).  
 Cyclamides: cyclic peptides with thiazole and oxazole moieties  
(Todorova et al. 1995). 
 
Health risk of cyanotoxins 
Exposure to high concentrations of toxic cyanopeptides (e.g. microcystins) can be hazardous, 
in extreme cases even lethal. Oral intake or dialysis of cyanotoxin contaminated water are the 
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most dangerous pathways of exposure. During the last century, there have been several 
reported cases of human poisoning worldwide. In 1931, hazardous cyanotoxins caused by a 
Microcystis bloom in drinking water reservoirs from Ohio and Potomac Rivers in the USA 
were reported when thousands of people fell ill (Chorus et al. 2000). In 1996, one of the most 
severe incidents caused by microcystins occurred when 76 out of 131 dialysis patients in 
Caruaru (Brazil) died after treatment with microcystin-contaminated water (Jochimsen et al. 
1998, Carmichael et al. 2001). Today there are many studies on human health risk subsequent 
to the exposure to toxic cyanobacteria (Chorus et al. 2000, Carmichael 2001). In 1997 the 
World Health Organisation (WHO) published a guideline value of 1 µg per litre in drinking 
water for the most common toxin which is the hepatotoxin microcystin-LR (Chorus and 
Bartram 1999). 
 
Besides drinking contaminated water another important exposure route is via the food chain. 
In fish, for example, microcystin is particularly found in organs of the digestive system (liver, 
gut and kidneys), in the gonads and to a lesser extent in muscle tissue (Kankaanpaa et al. 
2005, Xie et al. 2005). The less toxic microcystin-RR is primarily taken up into fish tissue 
whereas microcystin-LR is proportionally less concentrated in the same tissues (Jang et al. 
2004). Cyanotoxins have been detected in other aquatic animals like bivalves or crustaceans. 
Terrestrial plants can accumulate microcystin in their tissue (Abe et al. 1996, McElhiney et al. 
2001) or onto external surfaces (Codd et al. 1999) when they are irrigated with contaminated 
water. The risk to humans by eating contaminated food is uncertain. The health risk depends 
on the toxin structure, the level of accumulation, the amount and the frequency of 
consumption. In this regard, algal food supplements derived from toxigenic cyanobacteria 
should be treated with caution. These products may contain toxins (Dietrich and Hoeger 
2005). When compared to daily nutrition the amount of consumed algal food supplements is 
relatively minor, thus the toxification effects arising from food supplements only are 
uncertain. 
 
Ibelings and Havens (2008) reviewed the literature about the effects of cyanobacterial toxins 
on aquatic biota. They found that feeding is the most important exposure route whereas 
dissolved toxins play a minor role. Species that are naturally more exposed to toxins are also 
more tolerant. They have several defense strategies such as detoxification, rapid depuration, 
excretion and behavioural modifications. Mass mortalities of aquatic biota such as fish are 
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probably due to multiple stress factors which co-occur with cyanobacterial bloom formation. 
Bivalves seem to be less sensitive to cyanobacterial toxins and the cyanotoxin effects on 
zooplankton are more variable (Tillmann et al. 2008). 
 
Function of cyanopeptides 
Cyanobacterial peptides are secondary metabolites and are considered to be non-essential for 
primary metabolism of cyanobacterial cells (Carmichael 1992, 1997). Generally isolated 
strains consistently produce oligopeptides independently from environmental conditions 
(Welker and von Döhren 2006). Rohrlack et al. (2008) used oligopeptides as markers and 
characterized morphologically indistinguishable Planktothrix strains containing certain 
cyanopeptides as chemotypes. Oligopeptides remain largely in the cyanobacterial cell and are 
not released before cell death (Berg et al. 1987). But cell lysis, for example due to algicide 
treatment, can be a reason for a sudden release into the water (Jones and Orr 1994). 
 
There is reasonable speculation that the production of such abundant molecules would not 
have been retained throughout cyanobacterial evolution without any benefit (Codd 1995, 
Welker and Van Döhren 2006). It is suggested that the peptides have both a physiological 
function e.g. as signaling molecules (Dittmann et al. 2001) and an ecological function e.g. by 
reducing grazing pressure (Rohrlack et al. 1999). For a long time it was assumed that 
cyanobacterial toxins are feeding deterrents against herbivorous zooplankton (Lampert 1981 
1982). Most studies refer to the highly toxic and well known cyanobacterial peptide 
microcystin. Rohrlack et al. (1999) showed that microcystin-producing strains lead to 
Daphnia mortality but not to a decrease in feeding ability. Some zooplankton species have 
adaptations in physiology and behaviour against microcystin-producing strains (DeMott and 
Moxter 1991, DeMott et al. 1991). It was suggested that microcystin produced by 
cyanobacteria selected for food avoidance strategies or physiological resistance in various 
abundant zooplankton species (Kurmayer and Jüttner 1999, Hairston et al. 2001). 
Additionally it has been reported that microcystin has siderophoric properties, i.e. affinity for 
iron, copper and zinc (Humble et al. 1997, Orr and Jones 1998) which could be important 
under iron-limiting conditions. On the other hand, microcystin could have a role in 
photosynthesis (in conjunction with light harvesting and chromatic adaptation), due to the 
association of microcystins with thylakoid membranes (Shi et al. 1995, Young et al. 2005). 
The effects of various environmental conditions such as temperature, irradiance, 
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macronutrients, trace elements, salinity, CO2 and pH on the microcystin production by 
individual strains have been investigated intensively in the laboratory. In most of the studies 
there is a variation of the toxin content by a factor of four to five (Sivonen and Jones 1999). 
Therefore this suggests that microcystin production is primarily related to cell division and 
growth of the cyanobacteria (Orr and Jones 1998) while the influence of environmental 
factors is more indirect via the growth rate. Beside this indirect effect the microcystin 
production rate is regulated directly in response to environmental factors e.g. light (Wiedner 
et al. 2003; Tonk et al. 2005) or macronutrients (Lee et al. 2000; Long et al. 2001) by a factor 
of three to four. 
 
Similar to microcystin the production of other peptides seems to be rather continuous, i.e. 
using Planktothrix the variation in microviridin and anabaenopeptin production rate under 
nitrogen-limiting conditions was found to be rather minor (Rohrlack and Utkilen 2007). For 
Microcystis under light-limiting growth conditions up to twofold changes were observed for 
microcystin and cyanopeptolin production, while for Anabaena anabaenopeptins showed a 
decrease in production rate under growth limiting conditions (Tonk et al. 2009). However, 
once again oligopeptide production never ceased and so far in cyanobacteria no induction of 
oligopeptide production could be shown. 
 
The toxic peptide microcystin 
Microcystins are produced by the genera Microcystis, Synechococcus (Section I), 
Planktothrix, Phormidium, Plectonema, Pseudanabaena (Section III), Anabaena, 
Anabaenopsis, Nostoc (Section IV) and Fischerella (Section V) in fresh or brackish water 
(Sivonen and Jones 1999, Sivonen and Börner 2008) as well as by the terrestrial genera 
Hapalosiphon and Nostoc. Even symbionts such as Nostoc in lichens have been described to 
produce microcystins (Kaasalainen et al. 2009). Due to their potential risk to animal and 
human health microcystins have been well studied. Microsystin has been shown to inhibit 
protein phosphatase 1 and 2A, which have a pivotal role in intracellular signalling processes 
(MacKintosh et al. 1990, Honkanen et al. 1991). Consequently if these enzymes are inhibited 
many processes in the cell become defective. In mammals, the cytoskeletal parts in 
hepatocytes are destroyed resulting in liver damage (Runnegar et al. 1993, Carmichael 1994). 
Chronic low-level exposure to microcystins can promote the growth of tumours due to the 
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TNF-alpha (tumour necrosis factor) (Fujiki and Suganuma 1994, Kuiper-Goodman et al. 
1999), which can cause liver cancer and colorectal cancer (Zhou et al. 2002). 
 
Microcystins have been described originally as cyanoginosins (Botes et al. 1984, 1985). The 
structure is cyclic with the strictly conserved side chain Adda (3-amino-9-methoxy-2,6,8-
trimethyl-10-phenyldeca-4,6-dienoic acid). Today more than 65 structural variants of 
microcystin are known (Diehnelt et al. 2006), whereby amino acids differ primarily at 
variable positions (X and Z, see Fig. 4). Single variants differ largely in their toxicity. The 
most abundant microcystin is microcystin-LR with a leucine at the variable position X and an 
arginine at the position Z. An LD50 value of 50 or 60 µg kg-1 for mice after intraperitoneal 
injection (i.p.) was reported (WHO 1999). Microcystin-RR with arginine at both positions X 
and Z is less toxic, i.e. the LD50 value of microcystin-RR is tenfold higher. Oral LD50 values 
of microcystins are 50- to 170-times higher than the i.p. LD50 (Falconer 1991, Kotak et al. 
1993). 
 
Fig. 4: The molecular structure of the toxic heptapeptide microcystin, X and Z indicate the 
variable positions R1 and R2 respectively. 
 
The bioactive peptides aeruginosin and anabaenopeptin 
Aeruginosins and anabaenopeptins are probably not toxic to humans. The linear tetrapeptide 
aeruginosin inhibits different types of serine proteases such as trombin and trypsin of the 
digestive system of herbivorous zooplankton (Kodani et al. 1998, Agrawal et al. 2005). The 
inhibition of those proteases could be seen as a defense strategy against zooplankton grazing. 
Some structural variants of the cyclic hexapeptide anabaenopeptin have been found to be an 
inhibitor of protein phosphatases and serine proteases (Sano and Kaya, 1995, Sano et al. 
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2001) and carboxypeptidase A (Harada et al. 1995, Itou et al. 1999) and seem to have 
potential for pharmaceutical applications (Rao et al. 2002, Radau et al. 2003). 
 
A 
 
 
B
 
Fig. 5: Structure of (A) aeruginosin 98-A (Murakami et al. 1995) and (B) anabaenopeptin A 
(Harada et al. 1995) 
 
Cyanotoxin genotypes 
Welker and Von Döhren (2006) reviewed all the oligopeptides produced by cyanobacteria as 
well as the information on biosynthetic gene clusters. A relatively small number of peptides 
such as patellamide A-C, a cyclic peptide, has been shown to be synthesized ribosomally 
(Schmidt et al. 2005). The vast majority of cyanopeptides, however is synthesized non-
ribosomally by large multi-enzyme complexes, known as non-ribosomal peptide synthetases 
(NRPS) which are sometimes combined with polyketide synthases (PKS) and accessory 
enzymes such as methyl-transferases, epimerases, thioesterases and ABC transporters (Welker 
and Von Döhren 2006). Such gene clusters are comprised of several genes encoding 
multifunctional proteins consisting of modules and domains required for each step of the 
biosynthesis. The minimal module comprises specific functional domains for activation 
(adenylation domain) and elongation (condensation domain) of amino acids, according to the 
thio-template mechanism (Tillet et al. 2000, Fischbach and Walsh 2006). 
The involvement of a NRPS gene cluster in the synthesis of the peptide microcystin could be 
demonstrated in vivo by constructing a so called “knock out” mutant. Dittmann et al. (1997) 
was the first to insert foreign DNA into a specific mcy gene of a Microcystis sp. strain. The 
knock out of the mcy gene cluster totally impaired microcystin production in comparison with 
the wild type. This implies that one gene cluster encodes the production of various 
microcystin structural variants (Dittmann et al. 1997).
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Microcystin, aeruginosin and anabaenopeptin synthesis gene clusters 
At the beginning of this thesis the microcystin, aeruginosin and anabaenopeptin synthetase 
gene clusters of the species Planktothrix sp. could be identified (Christiansen 2002). 
 
The 55 kb-microcystin synthetase (mcy) gene cluster of Planktothrix agardhii comprises 
peptide synthetases, polyketide synthases and tailoring enzymes that are encoded by nine 
genes (Christiansen et al. 2003).  
 
 
Fig. 6: Organization of the mcy gene cluster of Planktothrix agardhii (CYA 126/8) encoding 
the synthesis of the hepatotoxin microcystin according to Christiansen et al. (2003). Genes 
coding for NRPSs are coloured light gray, for PKSs dark gray and genes with putative 
accessory functions are striped. 
 
The 30 kb-aeruginoside gene cluster (aer) of P. agardhii comprises nine genes (aerA-I) 
encoding the synthesis of aeruginoside (Ishida et al. 2007). Rounge et al. (2009) observed 
small changes in the aeruginoside gene cluster architecture of P. rubescens, especially other 
genes (aerJ, aerK, aerL) were part of the biosynthetic gene cluster (see Fig. 7). 
 
A 
 
                  B 
Fig. 7: The aer gene cluster of Planktothrix encoding the synthesis of the tetrapeptide 
aeruginoside. A: P. agardhii (CYA126/8) according to Ishida et al. (2007), B: P. rubescens 
(NIVA CYA98) according to Rounge et al. (2009). Genes probably involved in Choi 
biosynthesis (amino acid 2-carboxy-6-hydroxyoctahydroindole) are checkered, genes not 
involved in aeruginosin biosynthesis are white.
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The 25 kb-anabaenopeptin synthetase (apn) gene cluster of P. rubescens includes five genes 
(apnA-E) (Rounge et al. 2009, Christiansen et al. 2011). Overall the organization of the apn 
gene cluster was highly similar to the anabaenopeptin synthesis operon described from 
Anabaena, Nostoc and Nodularia (Rouhianinen et al. 2010).  
 
 
Fig. 8: The apn gene cluster of P. agardhii (CYA126/8) (Christiansen et al. 2011) and P. 
rubescens (NIVA CYA98, Rounge et al. 2009) encoding the synthesis of the hexapeptide 
anabaenopeptin. 
 
Evolution of microcystin genes 
Although microcystin-producing cyanobacteria include species of the Sections I, III, IV and 
V, it is important to note that all the microcystin biosynthetic gene clusters have a high 
similarity. There is some speculation on the evolution of the mcy gene cluster as influenced by 
lateral gene transfer. The patchy distribution of the mcy gene cluster among strains and genera 
may have been caused by transposases which are known to be involved in the horizontal 
transfer process (Tillet et al. 2001). A type IV pilus system for taking up DNA has been 
described in Microcystis sp., though evidence is lacking that this system correlates to the 
absence or presence of the mcy gene cluster in strains (Nakasugi et al. 2007). In contrast 
substantial evidence suggests vertical inheritance and subsequent gene loss processes leading 
to the high number of species/strains not sharing the mcy gene cluster (Rantala et al. 2004, 
Christiansen et al. 2008). Surprisingly, phylogenetic trees calculated from 16SrDNA and 
rpoC1 genes and from genes part of the mcy gene cluster were found to be congruent (Rantala 
et al. 2004). In other words, both housekeeping genes and genes part of the mcy gene cluster 
shared the same evolutionary signal. Consequently only deletion events of the mcy gene 
cluster could be invoked to explain the patchy distribution of the mcy genes among species 
and genera. Even strains without the genes for microcystin synthesis seem to have lost a 
major part of the mcy gene cluster, i.e. 90% in the case of Planktothrix (Christiansen et al. 
2008).
  
 
17 
Genotype detection in the environment 
Phytoplankton typically consists of different cyanobacterial species, and within species 
individual strains can vary considerably in toxicity. Neither toxic nor non-toxic genotypes can 
be identified under the microscope. Only genetic methods allow for the detection of toxigenic 
cyanobacteria. This molecular approach requires that the genetic basis of toxin synthesis has 
been elucidated and particular gene regions suitable for the detection of toxic genotypes have 
been identified. Recently Pearson and Neilan (2008) and Humbert et al. (2010) reviewed 
studies on the detection or regulation of genes involved in toxin production. 
 
Due to the high sensitivity of PCR-based methods toxic genotypes can be detected directly in 
the environment long time before blooms may occur. Water bodies that are at risk of bloom 
formation can be identified early, thus an early prediction of harmful blooms would be 
possible by means of monitoring those environmental factors that are known to favour 
cyanobacterial growth. 
 
The increasing knowledge on toxic genotype detection directly in field samples has created 
numerous protocols for DNA extraction and PCR based analyses. The general techniques for 
DNA isolation and purification, PCR, gel electrophoresis and gel documentation facilities are 
common in many laboratories. Conventional PCR is a fast and cheap method to amplify 
copies of a particular DNA sequence across several orders of magnitude (see chapter qPCR). 
It can be used to detect all toxigenic genera if oligonucleotides bind to conserved regions of 
the targeted genes. In order to analyse individual cyanobacterial genera oligonucleotides have 
been designed that are able to discriminate between cyanobacterial species. Alternatively 
restriction enzymes (RFLP, Restriction Fragment Length Polymorphism) cutting DNA at 
specific recognition nucleotide sequences can be used for characterizing PCR products and 
producing genus-specific products (Hisbergues et al. 2003). 
 
Comparison of mcy genes between genera for instance revealed that the condensation domain 
within the mcyA gene (Tillett et al. 2000) is rather conserved (Hisbergues et al. 2003). Further 
the PKS part of the mcy gene cluster is also more conserved and particularly the gene region 
within mcyE encoding for the aminotransferase has been used to design mcy specific 
genotypes of any cyanobacterial genus (Jungblut and Neilan 2006). Similarly Rantala et al. 
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(2004) designed oligonucleotides specific for the mcyE region that can amplify all 
microcystin-producing cyanobacteria.  
 
Multiplex PCR uses multiple primer sets to produce amplicons specific to different DNA 
sequences within a single PCR mixture. Multiplex PCR is highly suitable to screen a large 
number of samples from surface water or food supplements. E.g. cyanobacteria/genus/species 
specific primers (16S rDNA) are combined with mcy specific primers in one reaction (Saker 
et al. 2007). Ouahid and Del Campo (2009) amplified simultaneously up to five DNA 
sequences, corresponding to specific regions of six mcy genes of Microcystis sp. (mcyA, 
mcyB, mcyC, mcyD, mcyE and mcyG).  
 
In contrast the quantitative real-time PCR (qPCR) - although more expensive due to specific 
instruments and higher running costs - is the only option to reveal quantitative information on 
genotypes (see chapter qPCR). Certain genotypes of a cyanobacterial population can be 
quantified and related in their abundance to the total population. Multiplex qPCR assays are 
limited due to the overlap of individual fluorescent spectra. Rasmussen et al. (2007) 
developed a duplex qPCR assay specific for quantifying the cyanobacterium 
Cylindrospermopsis raciborskii and for the cylindrospermopsin gene cluster.  
 
As an alternative tool hybridization based methods have been developed for monitoring toxic 
cyanobacteria, e.g. microarrays or so-called DNA chips. Genes hybridize to oligonucleotide 
probes by hybridization resulting in the generation of a fluorescent signal that can be recorded 
by a camera. The initial onset costs and equipment of this technology are relatively expensive. 
The advantage of the DNA chip is that numerous genes can be monitored in parallel, giving 
more complete information on the occurrence of toxigenic cyanobacteria. Rantala et al. 
(2008) designed a DNA-chip including genus-specific probes for the microcystin and 
nodularin synthetase genes as well as for 16S rDNA to discriminate between different 
cyanobacteria groups. 
 
Since genetic methods only permit detection of potential toxin production and not toxin 
concentrations, the reliability in predicting toxin concentrations from genotype abundance is 
an important question that needs to be addressed. It seems that Planktothrix rubescens strains 
containing the microcystin genes but inactive in toxin production are common (Kurmayer et 
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al. 2004). If these inactive genotypes have a high proportion then predictions based on PCR 
based methods would result in false positives. Ostermaier and Kurmayer (2010) found 
relatively low proportions (2.8 %) of non-toxic mcyD and mcyA mutants of P. rubescens, 
while mcyHA mutants are more commonly occurring (3.7 %) in 12 lakes in Austria, Germany 
and Switzerland. A European study isolating a large number of Microcystis colonies revealed 
that the percentage of inactive mcy genotypes is rather low (ViaOdorika et al. 2004). Thus in 
situations where most accurate risk assessment is required (e.g. analysis of drinking water) 
additional toxicity tests (e.g. physicochemical or biochemical) are advised (Humbert et al. 
2010). 
 
qPCR as a tool to monitor toxic genotypes in dependence on environmental conditions 
In principle PCR relies on thermal cycling. Repeated heating and cooling cause melting and 
enzymatic replication of DNA, the DNA template is exponentially amplified. Primers initiate 
DNA synthesis and enable selective amplification while the DNA polymerase enzymatically 
builds new DNA strands. 
The quantitative real-time PCR records the amount of PCR product during PCR with the help 
of a fluorescent reporter which is binding to the PCR products. With each PCR cycle the 
amount of PCR products increases exponentially and the time of the PCR cycle reaching a 
certain threshold value of fluorescence correlates with the initial amount of genomic DNA in 
the template. This value which is the important parameter for quantification is called Ct-value 
or threshold cycle. The threshold is the average standard deviation of the fluorescence 
intensity for the early cycles multiplied by an adjustable factor. It should be above any 
baseline activity and within the exponential increase phase. A high initial amount of DNA in 
the template leads to an early increase of the fluorescence signal resulting in a low Ct-value. 
In contrast a smaller amount of initial DNA results in a late increase of the fluorescence signal 
and a high Ct-value (see Fig. 9).  
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Fig. 9: qPCR measurements for calibration using different dilutions (1:10 to 1:108) of a 
Planktothrix DNA extract whereby every dilution was done in triplicate. 
 
For quantification sequence specific fluorescent probes or fluorescent DNA binding agents 
can be used. Different types of probes are available including Dual-Labeled Fluorogenic 
probes, Molecular Beacons, Scorpion probes or LightCycler probes. In this study highly 
sensitive bi-labeled Scorpion probes, so called TaqMan probes, were used that become 
fluorogenic due to the 5´exonuclease activity of the Taq polymerase. TaqMan probes are 
oligonucleotides containing a fluorescent dye at the 5´ end (FAM) and a quenching dye at the 
3´ end (TAMRA). While the probe is intact the proximity of reporter and quencher prevents 
emission of fluorescence. When a template with a TaqMan probe gets replicated, its 
5´exonuclease activity cleaves off the quencher. The reporter dye starts to emit a fluorescence 
signal. A big advantage of this relatively complex and expensive method is high specificity. 
More common are the non-sequence specific fluorescent intercalating agents which are 
binding only to double-stranded DNA. SYBR Green I is a minor groove binding dye with the 
drawback of detecting also non-specific PCR products. Analyses of the melting curve allow 
for the correct identification of the PCR product only. Multiplex qPCR using SYBR Green I, 
however, is impossible. 
 
Due to its high sensitivity qPCR is a useful tool for the early detection of potentially toxic 
organisms. Relating toxic genotypes in abundance to the whole population enables the 
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observation of the dynamics in potential toxicity. The genetic population structure of the 
bloom can be studied in dependence on environmental factors which potentially 
promote/inhibit growth of toxigenic cyanobacterial strains. This could enable deeper insight 
into regulation of cyanotoxin production. 
 
2.3) The EU-network PEPCY (FP5) 
 
This study was carried out in the course of the EU-project PEPCY (Toxic and other bioactive 
PEPtides in CYanobacteria, QLRT-2001-02634, www.pepcy.de) which aimed to provide 
further understanding on cyanopeptides and their occurrence in European lakes as well as 
their toxicity and risk to human health. The central objective of PEPCY was the creation of a 
more comprehensive cyanotoxin risk assessment and risk management strategy. 
 
In Workpackage 2 (Regulation and monitoring of cyanopeptide occurrence) information on 
cyanobacterial populations to which humans are potentially exposed was provided. Field 
investigations should assess peptide occurrence (frequency, composition and concentration of 
peptides) in nature. Sampling was performed in the partner countries over two years. Data on 
lakes, physical and chemical parameters, phytoplankton composition, cyanopeptide 
occurrence and toxin genotype abundance was collected in a database comprising 268 dates of 
sampling in 37 lakes in Europe. 
 
Isolated strains producing potentially hazardous peptides were used to investigate the 
Continuity/discontinuity in the production of bioactive cyanopeptides. Additionally 
invertebrate biomonitoring systems for toxic peptides should be developed based on 
microscopical analyses of zooplankton symptoms, including single and combinatorial 
exposures. 
 
Molecular tools were developed to quantify genotypes that are indicative of peptide 
production. The development of rapid qualitative and quantitative detection methods for both 
peptides and toxin gene regions was of primary concern as it can enhance a cyanotoxin risk 
assessment. A major goal of this study was the collection of quantitative data on toxin 
genotype distributions in European lakes in relation to environmental factors. 
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2.4) Aims of the thesis 
 
The primary aim of this study was to quantify specific toxic genotypes of the cyanobacterium 
Planktothrix sp. in dependence on environmental conditions by means of qPCR. This method 
is useful to quantify toxic genotypes in environmental samples as demonstrated by Kurmayer 
and Kutzenberger (2003) using the mcyB and the phycocyanin gene region of Microcystis sp.  
 
Several questions required further clarification: During the preparation phase of the PEPCY 
project it became clear that a high number of lake samples would be obtained from different 
partners in various countries. These samples needed to be transferred between laboratories 
which were distributed all over Europe. For this purpose the filtering, storage and posting 
methods needed to be optimized. For example different filter types were tested for their 
usefulness in subsequent DNA extraction. Further it was unclear how the filters should be 
stored and shipped, as the usual freezing at -20°C was considered unreliable during transfer 
by mail. In the light of the high number of samples, the use of a commercially available DNA 
purification kit was considered. However, before the DNA purification kit could be applied, 
its reliability for quantitative DNA extraction had to be validated. Consequently the DNA 
purification kit was compared with another phenol-chloroform based DNA extraction 
technique that has been developed previously (Kurmayer et al. 2003). To resolve these 
questions cells from different morphotypes of Microcystis sp. and Planktothrix sp. were 
harvested using different filters and stored wet frozen or freeze dried. Additionally the 
obtained DNA yield was compared between the two DNA extraction methods quantitatively 
(see chapter 1). 
 
The accuracy of the qPCR technique is inherently limited due to its linear-log calibration 
curves: Standard curves are established by relating the Ct-value (linear scale) to the DNA 
concentration which is equivalent to the number of cells (logarithmic scale). Thus the 
reproducibility and comparability of qPCR measurements was compared between three 
different research groups. In particular the aliquots of the same samples were measured by 
qPCR using both early and more modern qPCR instruments. For this purpose, qPCR 
measurements were done from different DNA mixtures prepared from toxic and non-toxic 
strains of Microcystis sp. as well as DNA extracts from lake samples containing Microcystis 
sp. (see chapter 2). 
  
 
23 
In order to quantify peptide genotypes in European lakes primers and probes to amplify mcy, 
aer and apn gene clusters of Planktothrix sp. were required. Seventy-one different strains of 
P. rubescens and P. agardhii were analyzed for the presence/absence of mcyB, aerB and 
apnC genes. PCR products were sequenced and were used to design primers and probes for 
qPCR. Those primers and probes should be specific to Planktothrix spp. also in the presence 
of other cyanobacteria. To quantify the qPCR signals, calibration curves between DNA 
extracted from cells as counted under the microscope and the cycle of threshold value as 
obtained by qPCR were created. For each qPCR assay PCR conditions were optimized by 
adjusting the concentrations of primers and the TaqMan probe. Finally a large number of 
samples obtained from 23 lakes located in five European countries were analysed by qPCR. 
Another important question is the abundance of particular peptide genotypes under certain 
environmental conditions – especially under bloom conditions. In a few intensively sampled 
lakes the abundance of peptide genotypes was statistically related to various physical 
(temperature, irradiance) and biological (phytoplankton composition) environmental 
conditions (see chapter 3). 
  
 
24 
3) List of Articles 
 
This thesis is based on the following articles: 
 
Chapter 1 
Schober E. and R. Kurmayer. 2006. Evaluation of different DNA sampling techniques for the 
application of the real-time PCR method for the quantification of cyanobacteria in water. 
Letters in Applied Microbiology, 42,412-417. 
 
Chapter 2 
Schober E., M. Werndl, K. Laakso, I. Korschineck, K. Sivonen and R. Kurmayer R. 2007. 
Interlaboratory comparison of Taq Nuclease Assays for the quantification of the toxic 
cyanobacteria Microcystis sp. Journal of Microbiological Methods, 69,122-128. 
 
Chapter 3 
Schober E., E. Lautsch, L. Tonk. and R. Kurmayer. Abundance of genotypes producing 
bioactive non-ribosomally synthesized peptides in populations of the filamentous 
cyanobacterium Planktothrix. Published in part in FEMS Microbiology Letters, 317,127-137 
(Kurmayer et al. 2011).  
 
Chapter 4 
Kurmayer R. and E. Schober. 2005. A manual for the use of in situ genetic techniques to 
quantify genotypes of cyanobacteria in freshwater under non-bloom conditions and to predict 
cyanopeptide occurrence under bloom conditions. www.pepcy.de/archiv/PPG_AAS001.pdf. 
  
 
25 
4) Results and discussion 
 
Chapter 1 
It was necessary to find out how field samples obtained during the EU project PEPCY should 
be filtered and stored to get quantitative results. Both different filter types (membrane filters 
vs. glass fibre filters) as well as different storage conditions (freeze drying vs. freezing) were 
compared in DNA yield as recorded by qPCR. It could be shown that when compared with 
frozen samples freeze dried samples are suitable for extraction of DNA and quantification by 
qPCR. Consequently samples were freeze dried and sent by mail between the project partners 
for further analysis. Another interesting implication of this study is that dried filters from lake 
samples could be used to analyze toxic genotype composition of the past. During the 1970ies 
eutrophication and the occurrence of cyanobacterial blooms in many lakes in the Alps were 
common while re-oligotrophication occurred during the 1980ies and 1990ies. Thus, during 
several decades the increase or decrease of various non-toxic and toxic genotypes can be 
related to environmental conditions, e.g. the state of eutrophication. Hence information about 
toxic/non toxic genotype abundance in previous times can be useful to assist cyanotoxin risk 
assessment in the future. 
 
Comparing the DNA extraction using a commercially available purification kit (DNeasy®, 
QIAGEN) and the standard phenol-chloroform DNA extraction (including osmotic shock 
treatment, and enzymatic lysis by lysozyme and proteinase K), the standard DNA extraction 
procedure gave higher yields of DNA as revealed by PC genotype abundance. While for 
Microcystis strains the Ct-values using standard DNA extraction were significantly lower 
compared to the Ct-values obtained from the DNeasy DNA extraction kit (t-test, P < 0.001), 
the difference between the standard DNA extraction and the DNeasy kit for Planktothrix 
strains was less pronounced albeit significant (t-test, P = 0.006). In order to find out the 
reason for the lower yields using the DNeasy kit, several tests were performed: 1) In order to 
test whether the DNeasy extraction columns became over-saturated, several DNA amounts (as 
expressed in cell numbers equivalents) were tested ranging from 5.4 × 107 to 6.8 × 104 cells 
per filter. The 800 fold decrease in cell numbers per extraction did not reveal higher DNA 
yields per cell. 2) In order to test whether impurities of DNA might inhibit the qPCR the DNA 
obtained by the DNeasy kit was (i) spiked with DNA obtained by the standard procedure or 
(ii) diluted. As revealed by qPCR neither DNA yields obtained through spiking nor DNA 
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amounts subsequent to dilution differed significantly when compared with the controls. 
Consequently the DNeasy kit very probably has lower lysis/extraction efficiency when 
compared with the standard procedure. The DNA extraction kit (DNeasy Plant system) that 
has been used in this study has been developed for DNA purification from leaves/needles of 
higher plants containing complex polymers such as cellulose (QIAGEN 2003). The efficiency 
of DNA extraction by the DNeasy kit could vary with the morphology of the cyanobacterial 
species, even strain specific differences in DNeasy extraction efficiency in the field cannot be 
excluded. Therefore in this thesis the standard phenol-chloroform DNA extraction procedure 
was used. Nevertheless, the DNeasy extraction kit could be useful for a high throughput 
analysis of environmental samples, for example as in the case of monitoring of many 
kilometres of shorelines. 
 
Chapter 2 
During the last years qPCR-based quantification of toxic genotypes of cyanobacteria has been 
increasingly applied (reviewed by Pearson and Neilan 2008, Humbert et al. 2010, Martins and 
Vasconcelos 2011). Useful PCR probes and primers as well as assay conditions have been 
described, but the experience on the reliability of the qPCR results produced and their 
interpretation is still scarce. It is inherent to the semi logarithmic calibration curve that minor 
variation in the Ct-value result in much larger variations in estimating the DNA originally 
present in the template (in cell number equivalents). During the time of this study it was 
generally accepted that a Ct-value variation of ± 0.5 is an acceptable variation attributable to 
unidentified error sources. Consequently the estimate of genotype proportions may be 
particular sensitive to these experimental error introduced by the semi-logarithm calibration 
curves. This study is the first that makes an effort to compare the reproducibility of qPCR 
results. The qPCR procedure was evaluated by quantifying Microcystis sp. (using the 
phycocyanin gene) as well as by estimating the absolute and relative mcyB genotype 
abundance employing three instruments from ABI (ABI7500, ABI7300, GeneAmp5700) in 
different laboratories. It was observed that the GeneAmp 5700, which was the first real time 
PCR detection system available on the market, showed lowest sensitivity when compared to 
other more recent instruments. However those differences could be standardized using 
calibration curves specifically established for each instrument. Calibration curves obtained 
from Ct-values and DNA (in cell number equivalents) for PC and mcyB showed a good 
correspondence between the three instruments. Even the GeneAmp 5700 with the lowest 
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sensitivity had a detection limit of ten cells per template and a limit of 100 cells per template 
allowing for accurate quantification of the phycocyanin and mcyB genotype (in cell number 
equivalents), (Kurmayer and Kutzenberger, 2003). Taking into account a minimum dilution 
factor of 100 of the DNA extract to minimize possible interference of inhibitors in the PCR 
reaction, the effective cell number could be as low as 100 cells per ml if one litre of water is 
filtered. 
 
Further in this study the passive reference ROX (5-carboxy-X-rhodamine) was included in the 
TaqMan Universal PCR Master Mix. Since ROX provides an internal reference to which the 
reporter dye signal is normalized during data analysis (e.g. to normalize variation caused by 
pipetting error), it must not participate in the Taq nuclease assay. Unexpectedly a number of 
DNA extracts obtained from field samples showed unusual linear amplification curves during 
the amplification process in ABI7500. Those curves reached the fluorescence threshold set at 
0.1 already after 6-8 cycles during amplification and failed to show the typical sigmoidal 
curve with a plateau phase. Consequently unreasonable low Ct-values were calculated 
resulting in tremendous overestimation of cell numbers. When using TAMRA (6-
carboxytetramethylrodamine) as a reference dye the overestimation of genotype abundance 
was significantly reduced. Close inspection of the ROX fluorescence signal revealed a 
gradual decline of the ROX fluorescence during the amplification process implying that this 
signal was found to be unstable during the PCR process. In contrast, the TAMRA generated 
signal was stable during the whole amplification process and could be better used to 
standardize for the FAM-fluorescence signal. As a fluorescent dye ROX gets excited at a 
wavelength of 488 nm with a maximal emission at 610 nm. Water soluble pigments of 
cyanobacteria such as phycocyanin show their absorbance maximum at a wavelength of 620 
nm. It is speculated that low amounts of water soluble phycocyanin originating from 
cyanobacteria in the DNA template may interfere with the measurement of the fluorescence 
signal at 610 nm. In contrast the quencher TAMRA has a lower excitation wavelength at 565 
nm and an emission maximum at 580 nm. Consequently the fluorescence signal generated by 
TAMRA is unlikely to be biased by interference from fluorescence generated through 
phycocyanin. 
 
By comparing the three qPCR instruments it could be demonstrated that qPCR is useful for 
quantifying specific toxic genotypes. Firstly, qPCR results on mcyB genotype proportion 
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using DNA of a mcy-containing strain and a non-mcy containing strain supplied in different 
mixtures across a low range of mcyB variation (0, 2, 4, 6, 8, 10%) and across a high range of 
variation of mcyB (20, 40, 60, 80, 100%) were compared. Highly significant linear regression 
curves between the proportion of the toxic strain and the percentage of mcyB genotypes were 
obtained. While all instruments were able to follow mcyB proportions both in the low range of 
mcyB variation (0-10%) as well as in the high range (20-100%) of variation it was also shown 
that some instruments overestimated or underestimated the real values of toxic genotype 
proportions in the high range of variation (e.g. by 50-100%). Additionally field samples of the 
hypertrophic Lake Wannsee (Berlin, Germany) were analysed for the proportion of the mcyB-
containing genotype within the population of Microcystis sp. 1000 cells per template in total 
resulted in 650 to 1100 cells (ABI7300), 800 to 1500 cells (GeneAmp5700) and 780 to 1140 
cells (ABI7500). Despite these limitations in the quantitative estimates all instruments were 
able to follow the variation in mcyB genotype proportion both within the strain mixture as 
well as in the field occurring within weeks to months.  
 
Chapter 3 
In chapter 3 toxic genotype proportions of the cyanobacterium Planktothrix were determined 
both seasonally as well as in a larger number of samples from occasionally sampled lakes. It 
was the ultimate aim of the study to identify those environmental factors that favour the 
occurrence of toxic genotypes within the cyanobacterium Planktothrix. Typically qPCR 
analyses have been performed to investigate the seasonal succession of a toxic genotype 
within a particular waterbody. In contrast in this study it was aimed to compare the proportion 
of three genotypes encoding the synthesis of bioactive compounds (microcystin, aeruginosin, 
anabaenopeptin) accross 23 water bodies sampled in nine European countries. 
 
The study consisted of two parts. Firstly, seventy-one red-pigmented and green-pigmented 
Planktothrix isolates originating from 27 different lakes in eight countries (Kurmayer et al. 
2004) were analysed for the absence/presence of genes indicative of either microcystin, 
aeruginosin or anabaenopeptin synthesis. A larger number of PCR products obtained from the 
strains were sequenced and the sequences were used to design qPCR primers and probes. In 
order to test for the correlation between the presence of a peptide gene and the actual peptide 
production, the peptides were identified by means of HPLC and MALDI-TOF mass 
spectrometry. All three genotypes were highly abundant (microcystin 87 %, aerugionsin 89 % 
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and anabaenopeptin 99 %). Interestingly a relatively high number of strains containing the 
microcystin and aeruginosin gene respectively but inactive in microcystin and aeruginosin 
synthesis (15 % and 23 % respectively) was observed, while the number of inactive 
anabaenopeptin genotypes was much lower (1 %). 
 
In the 2-years field study the minimum biovolume as measured by qPCR (3×10-6 mm3L-1) 
was two orders of magnitude lower when compared to the minimum biovolume as revealed 
by microscopy (2×10-4 mm3L-1). There was a good agreement of microscopical detection and 
detection by qPCR (R2 = 0.65). It is likely that the larger filtering volume (~ 2 liters) as 
opposed to the smaller sedimentation volume (50 ml) also contributed to the lower detection 
limit by qPCR. The results show that qPCR can produce results on Planktothrix abundance 
that are of the same quality as those produced by microscopy. Consequently qPCR could 
simplify the monitoring for potentially toxic genotypes instead of microscopical methods.  
 
In this study, for the first time, beside the mcy genotype, gene regions of aeruginosin and 
anabaenopeptin were quantified using qPCR. Surprisingly, the biovolumes of the different 
genotypes (mcyB, aerB and apnC) showed good correlations with the total biovolume of 
Planktothrix. This result implies that all three peptide genotypes increase or decrease in 
number in dependence on the total population. In this regard no difference between red- or 
green-pigmented populations was observed, although those populations increase/decrease by 
several orders of magnitude every seasonal cycle in the pelagic zone of lakes (e.g. Lake 
Wannseee). From these results it is concluded that the population growth itself is the most 
important factor in determining the abundance of the three peptide genotypes. Further it is 
unlikely that particular genotypes get lost from the population in the course of seasonal 
succession of the phytoplankton community. Generally the average proportions of all three 
genotypes (mcyB, aerB and apnC) were significantly higher among red pigmented when 
compared to green pigmented populations (Kurmayer et al. 2011). E. g. the proportion of the 
mcyB genotype was highest in the “lakes of the Alps” with P. rubescens (76.5 ± 4.1%) and 
lowest in Lake Frederiksborg with P. agardhii (9.0 ± 2.0%). The proportional differences 
observed among field populations are in good agreement with the proportions as observed 
among the 71 investigated strains. Christiansen et al. (2008) showed that non-toxic green 
pigmented strains have lost the mcy gene cluster subsequent to inactivation by a transposable 
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element. Possibly in those strains lacking the aer or apn gene cluster the aerB and apnC 
genes were lost by a similar mechanism as observed for the mcy gene cluster.  
 
The idea of early warning was based on the hypothesis that single toxin-producing genotypes 
may completely dominate the population in the course of bloom development, thus leading to 
unprecedented risks for society and wildlife. For cyanobacteria Sivonen and Jones (1999) 
proposed the hypothesis that environmental factors may cause changes in strain composition 
in field samples resulting in changes in cyanotoxin concentration. To date the factors 
influencing the toxic genotype proportion among cyanobacteria in lakes are still not 
understood. In this study multivariate statistics did not reveal any significant influence of 
environmental parameters such as water temperature, the light attenuation coefficient, secchi 
depth, soluble reactive phosphorus (SRP) concentrations, and the proportion of other 
phytoplankton groups (cyanobacteria, cryptomonads, diatoms, green algae) on the proportion 
of microcystin, aeruginosin or anabaenopeptin genotypes. In the seasonally studied lakes 
Mondsee and Wannsee the environmental parameters did not affect the proportion of peptide 
genotypes. Instead the proportion of mcyB, aerB and apnC genotypes varied independently, 
but the averaged proportion was stable over the season. Selective sweeps of opportunistic 
toxic peptide- producing genotypes of Planktothrix could not be detected. 
 
In contrast experiments with strain mixtures suggest that the proportion of toxic genotypes 
declines during bloom development (Kardinaal et al., 2007; Briand et al., 2009). One 
hypothesis is that microcystin production is of advantage under non-favourable growth 
conditions, while non-microcystin producing strains are competitively superior under 
favourable growth conditions (Briand et al. 2009). In contrast to the laboratory derived 
conclusions quantitative data on toxic genotype proportion in the field are inconsistent and 
point towards more local effects of environmental factors (Kurmayer et al. 2011).  
 
Chapter 4 
This manual has been compiled in order to assist the detection of toxic genotypes in water 
samples throughout the PEPCY project consortium. Techniques are described which have 
been developed for in situ quantification of genotypes producing specific cyanopeptides. 
Information on standard methods in water analysis is provided for characterization of 
environmental factors associated with the occurrence of cyanobacteria. In particular a 
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sampling protocol was established to standardize the field work during 2003 and 2004 taken 
from different partners of the EU project. For the quantification of genotypes water depth-
integrated samples (mixed samples from various depths) were most important. In order to 
obtain a representative sample with highest cell numbers (particularly from oligotrophic – 
mesotrophic lakes) phytoplankton was enriched using phytoplankton nets (30 µm in mesh 
size). Both the quantitative integrated samples and the net samples were used for microscopic 
counting, genotype quantification and isolation of individual colonies/filaments. For DNA 
analysis several aliquots of samples were filtered onto glass fibre filters or membrane filters 
until a green colour on the filter was obtained. Standard water analysis of the integrated 
sample included the determination of the chlorophyll a and total phosphorus concentration 
and facultatively the concentration of dissolved nutrients, ortho-phosphate, nitrate and 
ammonia. Other important environmental factors that were recorded included Secchi depth, 
light availability in the water-column and temperature. 
 
For the quantification of microcystin-producing genotypes in field samples two techniques, 
the PCR dilution assay and the qPCR were described. The PCR dilution assay was proposed 
as an alternative to qPCR by diluting the DNA over several orders of magnitude. Each 
dilution step is analysed by PCR for the presence of a reference gene (e.g. phycocyanin, PC) 
and the gene of interest, e.g. mcyB indicative of microcystin synthesis. The difference in the 
number of dilution steps yielding amplification of the reference gene and the mcyB gene 
(mcyB/PC ratio) can be used as a measure for the proportion of microcystin-producing 
genotypes (Kurmayer et al. 2003). The instructions for qPCR included a list of necessary 
equipment, preparation of samples and PCR reagents. Furthermore setting up the reactions 
and the measuring system were described as well as the analysis of the qPCR data.  
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Conclusions 
 
From the chapters 1, 2, 3 the following major conclusions were derived: 
 
• The DNA extraction from Microcystis and Planktothrix respectively collected on both dry and 
frozen filters is suitable for qPCR analysis in order to determine the absolute/relative 
abundance of various specific potentially harmful genotypes.  
• Although DNA extraction kits are highly optimized for PCR based methods the variable 
morphology of cyanobacteria in the field might prevent an overall efficient DNA extraction 
from field samples. Consequently the DNA standard procedure should be used in order to 
maximize DNA extraction from field samples. 
• There was a good agreement of detection by qPCR and microscopical detection, qPCR could 
simplify the monitoring for potentially toxic genotypes instead of microscopical methods. 
• Despite limitations in accuracy the three different qPCR instruments were able to follow the 
variation in toxic (mcyB) genotype proportion both within the strain mixture as well as in the 
field occurring within weeks to months.  
• The abundance of various toxin-producing genotypes (microcystin, aeruginosin, 
anabaenopeptin) of the widely distributed cyanobacterium Planktothrix is linearly related to 
the abundance of the total population across ecosystems (shallow polymictic lakes vs. deep 
stratified lakes). 
• The population growth itself is the most important factor related to the abundance of the 
different genotypes (mcyB, aerB and apnC). 
• Red pigmented Planktothrix populations show significantly higher average proportions of all 
three genotypes (mcyB, aerB and apnC) when compared to green pigmented populations.  
• There was no significant influence of the environmental parameters water temperature, light 
attenuation coefficient, secchi depth, soluble reactive phosphorus and the abundance of other 
phytoplankton groups on the proportion of the microcystin, aeruginosin, and anabaenopeptin 
genotypes suggesting that these factors are of minor importance. 
• The Planktothrix populations in different ecosystems differ constantly in the proportion of 
genotypes producing the hepatotoxin microcystin and the bioactive peptides aeruginosin and 
anabaenopeptin implying that local environmental effects outweigh the seasonal influences on 
genotype proportion. 
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Interlaboratory comparison of Taq Nuclease Assays for the quantification of the toxic 
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9) Chapter 3 
 
Abundance of genotypes producing bioactive non-ribosomally synthesized peptides in 
populations of the filamentous cyanobacterium Planktothrix. 
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10) Chapter 4 
 
A manual for the use of in situ genetic techniques to quantify genotypes of cyanobacteria in 
freshwater under non-bloom conditions and to predict cyanopeptide occurrence under bloom 
conditions. 
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11) Summary 
 
An increase of cyanobacteria is observed in many water bodies all over the world. 
Cyanobacteria produce a variety of different peptides, e.g. the microcystins and nodularins 
which are known to be highly toxic. The genetic basis of the toxic peptides has been 
elucidated but the environmental factors regulating the abundance of toxic genotypes are 
almost unknown. Quantitative molecular detection tools have gathered substantial interest as 
those tools are unique in their ability to quantify potential toxic genotypes and their non-toxic 
counterparts in environmental samples. The central aim of this thesis is the identification of 
environmental factors regulating the occurrence and abundance of different bioactive peptide 
genotypes of the filamentous cyanobacterium Planktothrix spp. in lake samples using 
quantitative PCR (qPCR).  
 
In the first part of the thesis methodological problems involved in the application of qPCR 
were clarified (chapter 1). One question was which filters could be used to harvest 
phytoplankton and how the samples should be stored until DNA analysis. Further it was 
important to find out how a maximum of DNA from cyanobacteria collected from field 
samples could be extracted. Experiments showed that not only freezing but also freeze drying 
is useful for storing and posting samples. While a commercially available DNA Extraction kit 
(DNeasy Plant system, Qiagen) was found useful to extract DNA from field samples in a time 
efficient manner, a conventional phenol-chlorophorm extraction procedure including osmotic 
shock treatment and enzymatic attack showed a maximum of DNA yield. The methodological 
problems were also summarized in a manual on genetic techniques submitted as a deliverable 
of the EU project financing this PhD thesis (chapter 4). 
 
The accuracy of the qPCR technique is inherently limited due to its linear-log calibration 
curves, i.e. standard curves are established by relating the qPCR measurements on a linear 
scale to the respective DNA amount in the template on a logarithmic scale. Thus the 
reproducibility and comparability of qPCR measurements was analyzed between three 
different qPCR instruments and research groups (chapter 2). The qPCR results on the mcyB 
genotype proportion (indicative of microcystin synthesis) were compared using DNA of a 
mcy-containing strain and a non-mcy containing strain supplied in different mixtures across a 
low range of mcyB variation (0, 2, 4, 6, 8, 10%) and across a high range of variation of mcyB 
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(20, 40, 60, 80, 100%). For all three instruments highly significant linear regression curves 
between the proportion of the toxic strain and the percentage of the mcyB genotypes were 
obtained. While all instruments were able to follow mcyB proportions both in the low range of 
mcyB variation (0-10%) as well as in the high range (20-100%) of variation it was also shown 
that some instruments overestimated or underestimated the real values of toxic genotype 
proportions in the high range of variation by 50-100%. Despite these limitations in the 
quantitative estimates all instruments were able to follow the variation in mcyB genotype 
proportion both within the strain mixture as well as in the field occurring within weeks to 
months.  
 
The second part of the study was the quantification of three genotypes indicative of the 
biosynthesis of the bioactive peptides microcystin, aeruginosin and anabaenopeptin in the 
course of a two-years field study, both seasonally as well as in a larger number of 23 
occasionally sampled lakes from five European countries (chapter 3): the mcyB (microcystin 
synthetase), the aerB (aeruginosin synthetase) and the apnC genotype (anabaenopeptin 
synthetase). The abundance of red or green pigmented Planktothrix spp. was determined by 
the microscope and by qPCR and varied from extremely rare to bloom formation (10-6 - 103 
mm3 L-1, n = 159). The three peptide genotypes occurred in all samples and overall their 
abundance was linearly related to the total Planktothrix biovolume. The average proportions 
of the microcystin, aeruginosin and anabaenopeptin genotype were 53 ± 3% (SE), 16 ± 1% 
and 50 ± 9%, respectively. Averaged over the season populations from red or green 
pigmented Planktothrix differed significantly in the proportion of the microcystin genotype 
and the aeruginosin genotype. This difference among red or green pigmented populations was 
not outweighed by seasonal variation. Multiple regression analysis did not reveal a significant 
influence of various (a)biotic variables on the seasonal variation in the proportion of any of 
the three peptide genotypes. In summary it is shown that populations of the same 
cyanobacterium differ significantly and independently of the season in their average peptide 
genotype proportion, for example in the proportion of the genotype encoding the synthesis of 
the toxic peptide microcystin. Consequently, these results highlight the role of local 
environmental factors that influence population peptide genotype structure much more 
strongly when compared to seasonal factors.  
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Zusammenfassung 
 
Weltweit wird in vielen Gewässern ein Zuwachs von blütenbildenden Cyanobakterien, z.B. 
aus den Gattungen Anabaena, Microcystis und Planktothrix beobachtet. Diese 
Cyanobakterien produzieren viele verschiedene Peptide, zum Beispiel Microcystine und 
Nodularine, die bekannt für ihre Toxizität sind. Die genetische Basis der toxischen Peptide 
wurde bereits entschlüsselt, jedoch sind die Umweltfaktoren, die für die Abundanz toxischer 
Genotypen verantwortlich sind, unbekannt. Da mit Hilfe molekularer Methoden toxische und 
nicht toxische Genotypen unterschieden werden können, hat vor allem die quantitative PCR 
(qPCR) Methode zur quantitativen Erfassung einzelner Genotypen an Interesse gewonnen. 
Zentrales Ziel dieser Arbeit war es, mit Hilfe der qPCR Umweltfaktoren zu identifizieren, die 
Auftreten und Abundanz verschiedener Peptid-Genotypen in Gewässern beeinflussen. 
 
Im ersten Teil dieser Arbeit wurden methodische Probleme zur Anwendung der qPCR geklärt 
(Kapitel 1). Eine Frage war, welche Filter für die Wasserproben verwendet werden sollen und 
wie diese Proben bis zur DNA Extraktion am besten gelagert werden. Außerdem war es 
wichtig zu wissen, auf welche Weise die DNA aus der Phytoplanktonprobe am besten 
extrahiert werden kann. Experimente zeigten, dass die Proben sowohl gefroren als auch 
gefriergetrocknet gelagert und verschickt werden können. Ein DNA Extraktions Kit (DNeasy 
Plant System, Qiagen) war gut geeignet, die DNA aus Freilandproben in relativ kurzer Zeit zu 
extrahieren, allerdings war die arbeitsintensive konventionelle Phenol-Chlorophorm 
Extraktion mit osmotischem Schock und Zugabe von Enzymen effizienter. Die methodischen 
Arbeiten sind auch in einem Manual zur Detektion von toxischen Genotypen in Gewässern, 
welches für das EU Projekt PEPCY verfasst wurde, beschrieben (Kapitel 4).  
 
Die Genauigkeit der qPCR ist durch die linear-logarithmischen Eichgeraden limitiert: So 
werden die qPCR Messwerte auf einer linearen Skala den entsprechenden DNA Mengen auf 
einer logarithmischen Skala gegenübergestellt. Daher wurden erstmalig Reproduzierbarkeit 
und Vergleichbarkeit der qPCR Messergebnisse zwischen drei unterschiedlichen 
Instrumenten und Arbeitsgruppen untersucht (Kapitel 2). Dazu wurde mittels qPCR die 
Häufigkeit des mcyB Genotyps (verantwortlich für die Microcystinsynthese) bei 
unterschiedlichen Verhältnissen eines toxischen (mit dem mcyB Gen) und eines nicht-
toxischen Microcystis Stammes (ohne dem mcyB Gen) bestimmt. Im Besonderen wurden die 
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qPCR Ergebnisse bei einem relativ geringen Anteil an mcyB (0, 2, 4, 6, 8, 10% mcyB) und bei 
einem höheren Anteil an mcyB (20, 40, 60, 80, 100%) verglichen. Die Messungen aller drei 
Instrumente ergaben hoch signifikante Regressionsgeraden zwischen dem Anteil des 
toxischen Stammes und dem Prozentwert des mcyB Genotyps. Obwohl alle Instrumente die 
Anteile von mcyB im niedrigen (0-10%) sowie im hohen Bereich (20-100%) bestimmen 
konnten, wurde dennoch dieser Anteil im hohen Bereich (50-100%) überschätzt. Trotzdem 
konnten alle drei Instrumente die Anteile des mcyB Genotyps auch in Freilandproben über 
mehrere Monate verfolgen. 
 
Im zweiten Teil der Arbeit wurden während einer zwei Jahre lang dauernden 
Freilanduntersuchung Peptid Genotypen der Gattung Planktothrix, welche die Produktion der 
bioaktiven Peptide Microcystin, Aeruginosin und Anabaenopeptin anzeigen, quantifiziert. Die 
Proben stammen sowohl von Gewässern, die zweiwöchentlich bzw. monatlich beprobt 
wurden, als auch von gelegentlich beprobten Gewässern. Insgesamt wurden 23 Gewässer aus 
fünf europäischen Ländern beprobt (Kapitel 3). Dabei wurden mittels qPCR die Genotypen 
mcyB (Microcystin Synthetase), aerB (Aeruginosin Synthetase) und apnC (Anabaenopeptin 
Synthetase) in rot und grün pigmentierten Populationen von Planktothrix spp. quantifiziert (n 
= 159). Die drei Peptid Genotypen wurden über einen weiten Bereich der Populationsdichte 
(10-6 – 103 mm3 L-1) in praktisch allen Proben nachgewiesen. Überraschenderweise korrelierte 
die Abundanz der drei Peptidgenotypen hoch signifikant mit der Dichte der gesamten 
Population. Das durchschnittliche Verhältnis von Microcystin, Aeruginosin und 
Anabaenopeptin Genotypen war jeweils 53 ± 3% (SE), 16 ± 1% bzw. 50 ± 9%. Populationen 
von rot und grün pigmentierten Populationen unterschieden sich im Durchschnitt signifikant 
im Anteil an Microcystin- und Aeruginosin Genotypen. Bei den Anabaenopeptin Genotypen 
waren die populationsspezifischen Unterschiede weniger deutlich. Diese 
populationsspezifischen Unterschiede wurden nicht durch saisonal bedingte Schwankungen 
aufgehoben. Multiple Regressionen ergaben keinen signifikanten Einfluss verschiedener 
abiotischer (Temperatur, Licht, Nährstoffe) und biotischer Faktoren 
(Phytoplanktonzusammensetzung) auf den Anteil eines der drei Peptid Genotypen. Daher 
heben diese Ergebnisse die Rolle von lokalen Umweltfaktoren hervor, die mehr Einfluss auf 
den Anteil einzelner Peptidgenotypen haben als saisonal variable limnologische 
Einflussgrößen.
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